A new perylene-pendent tridentate ligand, -(3-perylenylmethyl)-N,N-bis(2-pyridylmethyl)amine (perbpa) 1 and its Cu (II) complex, [Cu(perbpa)Cl 2 ] (2) were prepared and structurally characterized by the X-ray diffraction method. In the packing structure of ligand 1, perylene groups were aggregated to form a π-π stacked layer of dimerized pelylene moieties similar to the packing of pristine perylene. This result suggests both that the π-π interactions among the perylene moieties predominate for the arrangement of perbpa molecules in the crystal and that this ligand is a good candidate for constructing electron conducting path.
Introduction
Molecular-based system with a synergetic interaction between magnetic and transport properties has been extensively studied in the past two decades because such a system is fascinating from a theoretical [1, 2] and phenomenological [3] point of view [4] . In order to construct such a system, tetrathiafulvalene (TTF, Scheme 1) derivatives with coordinating groups have been developed [5] . We previously reported that the reaction of TTF-pendent bis(pyridylmethyl)amine (TTFbpa) (Scheme 1) with the Fe(III) ion gave an Fe(II) complex coordinated with oxidized TTF ligand [6] . Even though TTFbpa is a tridentate, flexible, and redox-active ligand, the conducting path of the stacked π-system was not formed due to the mismatch in size between the TTF group and the transition metal coordination centre. In order to resolve this mismatch, replacement of the TTF group by the larger π donor may be required. With these points in mind, we investigated Cu(II) complexes of newly synthesized perylene-pendent bpa ligand (Scheme 1). Perylene has a large π-conjugated electronic system with moderate electron donating ability. The charge transfer complex of perylene and bromine is known as the first molecular-based conductor [7] . A Perylene-based radical ion and group 10 metal ion salts (Ni, Pd, and Pt), (perylene) 2 [M(mnt) 2 ] (mnt represents maleonitriledithiolate), have been reported as π-d coexisting and cooperating systems [8] .
Herein we report the synthesis, X-ray crystal structure determination, and magnetic and spectroscopic characterizations of the mononuclear and binuclear Cu(II) complexes containing a new perylene-pendent-bpa ligand, perbpa (1).
Experimental

Materials and methods
Sodium cyanotrihydroborate was purchased from Wako Pure Chemical Industries.
2,2'-Dipicolylamine and tetra-n-buthylammonium triiodide (n-Bu 4 NI 3 ) were purchased from Tokyo Chemical Industry. Copper(II) chloride dihydrate, and iodine were purchaced from Nacalai tesque. 3-Perylenecarbaldehyde was prepared according to the literature [9] . All solvents were purified by conventional methods [10] .
1 H NMR spectra were recorded on a JEOL JNM-FX400 spectrometer operating at 400 MHz. Melting point was measured on a Yanaco MP-500D micro melting point apparatus and was not corrected. UV-vis spectra of solid samples using KBr disk method were recorded on a SHIMADZU UV-3100 spectrophotometer. UV-vis spectra of solutions were recorded on a JASCO V-670 spectrophotometer. The temperature dependence of static susceptibility measurements of the polycrystalline samples was carried out on a superconducting quantum interference device (SQUID) magnetometer of Quantum Design MPMSR2-XL from 2 K to 300 K at 0.1 T. Magnetization data were corrected for sample folder and for diamagnetic contribution calculated from Pascal's constants [11] . Elecron paramagnetic resonance (EPR) spectra of the polycrystalline samples were recorded on a JEOL JES-TE200 X-band (9 GHz) ESR spectrometer equipped with a JEOL ES-CT470
cryostat from 4 K to 300 K. EPR spectrum of dimethylformamide (DMF) frozen solution in 77 K was recorded on a JEOL JES-RE1X X-band spectrometer equipped with a standard low-temperature apparatus. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were carried out on the DMF solution of 0.1 M n-Bu 4 NClO 4 vs. Ag/AgCl by means of an ALS/chi electrochemical analyzer model 650A at room temperature under nitrogen atmosphere. Voltammograms were recorded with a platinum disk and a platinum wire for working and counter electrodes, respectively. Sweeping velocity was 10 mV s -1 .
Synthesis of ligand, N-(3-perylenylmethyl)-N,N-bis(2-pyridylmethyl)amine (perbpa)
(1).
A 1,2-dichloroethane solution (50 ml) of 3-perylenecarbaldehyde (1.4 g, 5.0 mmol) and acetic acid (1.0 ml) were added to an ethanol solution (50 ml) of 2,2'-dipicolylamine (1.0 g, 5.0 mmol). To the mixture was added sodium cyanotrihydroborate (90%, 0.36 g, 5.2 mmol). After the reaction mixture was refluxed for 2 hours under argon atmosphere, it was concentrated to dryness under a reduced pressure and acidified with 1 M HCl aqueous solution (50 ml). The acidic solution was neutralized with saturated sodium hydrogen carbonate, and extracted with chloroform (2 × 50 ml). The combined organic layer was washed with brine (100 ml), dried over anhydrous sodium sulfate, and evaporated to give red solid, which was purified by silica gel column chromatography (at first chloroform and successively chloroform/methanol 20/1 (v/v)). The crude product (yellow powder) was recrystallized from benzene to give yellow platelets (1.1 g, 48% 
Crystal structure determinations
The X-ray experiment for 1 was carried out for the well-shaped single crystal on a MAC Science DIP-2020K imaging plate diffractometer with graphite monochromated Mo K radiation (= 0.71073 Å) at 293 K. The structure was solved by direct method. The refinement of structure was performed by full matrix least square method on F 2 . The parameters were refined adopting anisotropic temperature factors for non-hydrogen atoms. The positions of hydrogen atoms were determined by calculation assuming sp 2 or sp 3 conformation and C-H bond length of 0.95 Å. The parameters were refined adopting isotropic temperature factors for hydrogen atoms.
The X-ray experiments for 2 and 3 were carried out for the well-shaped single crystals on a Rigaku RAXIS imaging plate area detector with graphite monochromated Mo K radiation (= 0.71073 Å) at 130 K. In order to determine the cell constants and orientation matrix, three oscillation photographs were taken for each frame with the oscillation angle of 3° and the exposure time of 3 min. Reflection data were corrected for both Lorentz and polarization effects. The structures were solved by the heavy-atom method and refined anisotropically for non-hydrogen atoms by full-matrix least-squares calculations. Atomic scattering factors and anomalous dispersion terms were taken from the literature [12] . Hydrogen atoms except those of the water molecules were located at the calculated positions and were assigned a fixed displacement and constrained to ideal geometry with N-H = 0.90 Å and C-H = 0.95 Å. The thermal parameters of calculated hydrogen atoms were related to those of their parent atoms by U(H) = 1.2U eq (C, N). All the calculations were performed by using the Rigaku CrystalStructure ver. 3.5.1
program package. Summaries of the fundamental crystal data and experimental parameters for structure determination are given in Table 1 .
Results and discussion
Preparation of perylene-linked ligand and its copper(II) complexes
The Cu ( 
Crystal structures
1 crystallizes in the orthorhombic system (Pbnb). The molecular structure of 1 is shown in the Supplementary material. Fig. 1a shows the b-axis projection for the packing structure of 1. Bond lengths of the perylene group are similar to those of the neutral form [13] . This results suggests that perylene moiety in 1 also is the neutral form.
The interesting point is the formation of a two-dimensional segregated layer of the perylene groups in the ab-plane. This layer is composed of orthogonally aligned dimerized perylene groups (Fig. 1b) . Such a packing structure is similar to that observed for neutral perylene crystal (α-form) [13] . The interplanar distance within a dimer is 3.45 Å, which is as long as that of the neutral perylene (3.45 Å) [13] . These facts indicate that the π-π interactions within the perylene layers predominate for the arrangement of perbpa molecules in the crystal and that ligand 1 has high potential to form a carrier path required for electric conductors. The two-dimensional perylene layers, with a the width of ca. 9 Å for each, are separated by a thick layer (ca. 9 Å) composed of bpa groups along the c-axis (Fig. 1a) .
2•MeOH crystallizes in the monoclinic system (P2 1 /n).
The molecular structure is shown in Fig. 2a . Selected bond distances and angles are summarized in Table 2 . The X-ray crystal structure revealed that 2•MeOH is a mononuclear penta-coordinate structure that incrudes two chloride ions, two pyridine nitrogens, and an amine nitrogen with Cu-N bond lengths of Cu-N(1) 2.007 (4) Å, Cu-N(2) 2.046 (4) Å, and Cu-N(3) 2.012 (4) Å (Fig. 2a , Table 2 ). The axial Cu-Cl(2) distance (2.592 (1) Å) is longer than the other Cu-Cl(1) distance (2.247 (1) Å), this difference originated from the Jahn-Teller distortion typical for a Cu(II) complex of d 9 electronic configuration. The coordination geometry in 2•MeOH can therefore be described as a distorted square pyramid. The bond lengths of the perylene group are similar to those of non-functionized perylene [13] . An interesting point in the molecular structure for 2•MeOH is that the perylene moiety faces to one of the pyridine moiety, which coordinates the Cu(II) centre (Fig. 2a ).
This suggests a π-π stacking between the pyridine and perylene moieties. The distance between the pyridine moiety and the perylene moiety was estimated to be ca 3.67 Å, although these moieties were not parallel. These facts suggest that a weak π-π interaction exists between pyridine and perylene moieties.
In the packing structure, a couple of perylene moieties of 2 form a dimer ( Fig. 2b ) with the aid of the π-π interaction between the perylene groups with a interplanar distance of 3.42 Å, which is a slightly shorter than the interplanar distance for nonfunctionalized perylene. Therefore, one perylene dimer is sandwiched by two pyridine rings to form a unit of pyridine-perylene-pyridine-perilene, encircled in Fig. 2b , and the units are arranged along the b-axis. However the conduction path for π-electron is deteriorated, by the inclusion of MeOH as depicted in Fig. 2b . Table 2 . Figure 3a depicts the molecular structure of 3. The bridging Cu 2 Cl 2 unit is constrained to be planar, and the crystallographic inversion centre is allocated at the middle of the molecule.
3•(I
Each Cu ion in 3•(I 3 ) 2 is coordinated to three nitrogen atoms in the perbpa ligand and two chloride ions in a slightly distorted square-pyramidal geometry. Similar to the structure of 2•MeOH, one chloride ion is in the basal plane (Cu1-Cl1 = 2.257(1) Å) and another chloride ion is located on the apical position (Cu1-Cl1'= 2.643(1) Ǻ). Two square pyramids share a base-to-apex edge so that the Cl atom situated at the vertex of one base becomes the apical vertex of the other square pyramid, and the opposite happens for the other Cl-bridging ligand. Such a coordination structure was categorized as 'parallel-type' in literature [14] . The bond angle of Cu1-Cl1-Cu1' is 84.29(4)º. Bond lengths of the perylene group in 3•(I 3 ) 2 are similar to those of the neutral perylene molecule and those in 2•MeOH. In the molecular structure, in contrast to that of 2•MeOH, the perylene group faces opposite side of the coordination centre and not stacks with pyridine groups coordinating to Cu(II) (Fig. 3a) . In the packing structure, perylene groups form dimers, which are isolated with an intradimer perylene plane distance of 3.47 Å, slightly longer than that for nonfunctionalized perylene (Fig. 3b ).
This indicates that the conduction path neither exists in 3•(I 3 ) 2 .
Optical spectra
The UV-vis absorption spectrum of 2•0.5H 2 O in DMF solution showed four peaks (375, 398, 422, and 448 nm) (Fig. 4) . These peaks are assignable to a perylene π-π* transition band with a vibronic structure (368, 387, 409, and 435 nm in cyclohexane [15] ). The spectrum of 3•I 5.6 was a superposition of the absorption of 2 and that of n-Bu 4 NI 3 (365 nm). The absorption spectrum of the solid state, using the KBr method, corresponded to the absorption spectrum in solution (Fig. 5) . A small absorption band at 1213×10 3 cm , seen for 3•I 5.6 in the KBr method, is assignable to the d-d band of the Cu(II) centre. These results suggest that the perylene group in 3 is not cationic but in the neutral electronic state.
Magnetic properties of copper complexes.
Temperature dependences of the χT products for 2•0.5H 2 O and 3•I 5.6 are shown in Fig. 6 . 2•0.5H 2 O shows CurieWeiss (eq. 1) behaviour typical for a square-pyramidal mononuclear Cu(II) complex (S = 1/2, g = 2.13, Θ = −0.265 K):
.
On the other hand, the χT product for 3•I 5.6 behaves differently from that of 2•0.5H 2 O. The χT product at 300 K is 0.901 emu K mol -1 for 3•I 5.6 , which is a reasonable value for noninteracting two S = 1/2 spins (χT = 0.902 for g = 2.06). At low temperatures, the χT product slightly increases due to the intramolecular ferromagnetic coupling of chloride bridged Cu(II) centres. The simple BleanyBowers equation [16] is unacceptable for these compounds because singlet-triplet energy gaps estimated based on the basis of such an equation are comparable to Zeeman splitting (|E S-T | = 2|J| ~ gμ B H). Friedberg's magnetization expression [17] is applied for fittings of the data.
Friedberg's expression is given by eqs. 2 and 3,
for isotropic exchange Hamiltonian of eq. 4
, where Nα is a temperature-independent paramagnetism. The susceptibility data are fitted to the values of g = 2.12, J = +1.17 cm -1 , and Nα = 1.55 × 10 -4 emu mol -1 for 3•I 5.6 .
The excellent fit and small J value together with such 'parallel-type' geometry indicate
that the magnetic interaction between the copper centres takes place mainly through a π* type of interaction between Cu d x 2 -y 2 and the apical p Cl orbitals, which is in good agreement with previous theoretical and experimental works [14] .
An X-band EPR spectrum of a polycrystalline sample of 3•I 5.6 at 4 K provided detailed information about the spin state. 3•I 5.6 showed g-tensor anisotropy with g // = 2.122 and g ┴ = 2.054. Moreover, a half-field resonance of g = 4.235 (ΔMs = ± 2) was observed in the spectrum. The half-field resonance decreased as temperature increased even though the signal remained at 300 K. This result clearly indicates the triplet (S = 1) ground state of the Cu(II) binuclear system. The EPR spectrum of a DMF frozen solution of 3•I 5.6 at 77 K is typical for the spectrum of axially distorted Cu (II) complexes (g // = 2.224, g ┴ =2.041, and a // = 17.6 mT). In a previous work of Fe (II) TTFbpa complex, sharp EPR signals with hyperfine splitting at around g = 2.00 originating from the radical state of the TTF group were only detected in an acetonitrile (MeCN) solution but not in a powder sample because of the strong anti-ferromagnetic coupling between the TTF cation radical groups in a solid state [6] . In the case of 3, such a sharp EPR signal around g = 2.00 was not detected in either a polycrystalline state or in a DMF frozen solution. These magnetic properties for 3•I 5.6 are consistent with the crystal structure and absorption spectrum.
Electrochemical studies
From the studies described above, 3•I 5.6 has a ferromagnetically coupled ground state with two electron spins on each Cu(II) binuclear ion, while the perylene moiety is not in the cation radical state. These results indicate that the chemical oxidation by I 2 did not yield ligand-centred oxidized species but yielded species with neutral ligands.
The formation of 3•I 5.6 proceeded through the formation of I 3 -anion, which was a reduced product of I 2 , indicating the redox process is the key step toward compound
To examine the formation processes, electrochemical properties of ligand 1 and the Cu(II) complex 2•0.5H 2 O were investigated. A cyclic voltammogram of 1 showed irreversible oxidation peaks at +0.86 V and +0.98 V vs. Ag/AgCl (Fig. 7) . Since TTF-pendent ligand TTFbpa exhibited three anodic peaks at +0.232, +0.564, and +0.856 V vs. Ag/AgCl by DPV measurement and the former two peaks correspond to those of pristine TTF (+0.248 and 0.612 V), the peak at +0.856 V is assignable to that of the bpa moiety in TTFbpa [6] . Even though the measurement condition was different (solvent used in the measurement for TTFbpa was MeCN), the oxidation peak at +0.86
V observed in 1 may be ascribed to that of the bpa moiety in perbpa. The oxidation peak at +0.98 V corresponds to the perylene moiety of 1. A cyclic voltammogram of 2•0.5H 2 O, on the other hand, showed an irreversible oxidation peak at +0.96 V (Fig. 7) .
The peak at +0.86 V in the voltammogram of 1 is absent in the voltammogram of 2•0.5H 2 O because the coordination of the amino group in the bpa moiety to the Cu(II) ion lowered the electron density on the anino-N atom in HOMO, and hence the oxidation potential of the bpa group increased. Oxidation potentials of 1, 2•0.5H 2 O, and perylene in DMF were precisely determined by DPV measurements (Table 3) . Scheme 3
shows a plausible mechanism of formation of 3•(I 3 ) 2 based on electrochemical studies.
The Cu(II) complex is labile in general, so in the solution of 2•0.5H 2 O, a small quantity of perbpa may be released, or Cl  may be released to generate dinuclear species of 3. 
Conclusion
We prepared and characterized a new tridentate ligand, perbpa 1, containing three nitrogen atoms for coordination and one perylene group for the -electron reservoir and studied electronic and structural properties of its Cu(II) complexes. The 
